· · such as adsorbed hydrocarbons, three-dimensional surface layers and coadsorbed gas structures, as well as the 'effect of surface defects such as steps, are also discussed. 0 0 Conditions range from low temperature inert gas physisorption to chemi:-sorption of reactive gases and hydrocarbons at room temperature and above.
A listing of over 200 adsorbed surface structures, mostly of small molecules ~dsorbed on low Miller Index surfaces, can be found in a recent review. 1 The existence of ordered chemisorbed layers at room temperature and above demonstrates the importance of studies of the structure of adsorbed gas monolayers si.nce even at the temperature of catalytic reactions on the surface, the reactants may see an ordered adsorption layer on the surface which controls the reaction. ·From studies of the structure of such layers one hopes to obtain sufficient information to understand the surface ct.emical bond and its relation to surface chemistry.
Ordered Surface Structures
The reason for the -predominance of ordering can be understood by considering the ma~nitudes of the various "interaction energies involved in adsorption •. The heat of ad~orption ll.Hads determines the surface coverage which exists for given experimental conditions. The coverage, cr, far fro:n the adsorption of a complete monolayer can be wri,tten ( 1 ) where T is the residence time and F is the incident flux \•Jhich, for a where-i is related to a period of vibration of a surface atom and T is . 0 --s the substrate temperature. The adsorption of rare gases, such as xenon and ~rgon, which have low heats OT adsorption ( 2-8 kcal/mole)' has been , successfully studied at the low pressures·, thus low fluxes, required for LEED studies (<l0-4 torr) by using substrate temperatures in the range of 10 -78 K. ~olecules which chemisorb however (~Hads ~-15 kcal/mole) can be studied at room temperature and above at-much lower pressures (<10-9 torr).
The heat of adsorption is in general a function of surface coverage due to r.1olecular interactions within the adsorbed layer. The change in the heat of adsorption with coverage indicates whether the molecular interactions within the layer are attractive or repulsive. Adsorbatesubstrate sys terns that have predominantly repulsive interactions between adsorbed molecules in the monolayer, such as carbon monoxide adsorbed on palladium, 2 show a decrease in the heat of adsorption ~ith increasing .
coverage. Such systems often show a disordered surface structure up to a critical coverage at which point upressure" within the layer brings about ordering. From measurements of ~Hads versus coverage the strength of the intermolecular interaction within the layer can be determined. System5 which have predominantly attractive interactions \'lithin the monolayer generally grm., by an island grm.,th mechanism. Adsorbed atoms tend to cluster giving regions of ordered adsorbate structure surrounded by bar~ substrate. Additional molecules adsorb around the edges of these "is1ar1ds"
.. -3- causing growth to take place. In this cases since every adsorbed atom (after the first few in the nucleus) is added in the same atomic environment, the heat of adsorption does not change with coverage and no information concerning the adsorbate-adsorbate interaction, ~Ea-a' is thus available. For many systems,·such as oxygen and hydrogen on tungsten, the heat of adsorption is much larger than ~Ea-a so that as the temperature is increased, the surface structure disorders without desorption taking place. In these cases information concerning the adsorbate-adsorbate -interaction can be obtained from analysis of these order-disorder transitions. 3 ' 4 For systems that have been studied in this way the attractive interaction is about 10% of the heat of adsorption.
Although the strength of the adsorbate-adsorbate interaction determines whether an ordered structure with periodicity different than the substrate can exist, the actual formation of that structure requires sufficient mobility of the adsorbed atoms on the surface. Thus the diffusional barrier ~Ed must be sufficiently sma 11 that adsorbed mol ecul~s can have enough thermal energy to migrate from site to site without desorption. Fortunately ~Ed is generally sufficiently small, although temperatures above room temperature are sqmetimes required to induce . . 5 ordering, for exam~le, for naphthalene on Pt(lll). There are two systems in use to denote the unit mesh formed on . 6 adsorption. The first system, originally proposed by Wood, is probably the roost conmonly used and can be applied to:systems in which the angle Tnese equ.ations 9e~ine the m12) m 22 which is used to characterize the structure. For the structure illustrated in
Using this notation, the reciprocal lattice transformation matrix, and thus the diffraction pattern, can be obtained by taking the inverse transpose
Equation 6 can obviously also be used in the reverse direction to obtain the unit mesh from the diffraction pattern.
Surface Crystallography of Adsorbed r".onolayers Chemisorbed atoms seek an adsorption site which allows them to maximize their coordination~ The substrate-adsorbate bond length, at least for the strongly chemisorbed systems studied thus far, can be reproduced rather well by adding the metallic radius of the substrate and the single bond covalent radius of the adsorbate. This comparison is shown in Table I which lists the experimentally determined bond length and the predicted bond length obtained by summing the covalent radii. In most cases the 0 difference is within the .lA accuracy claimed for the experimental determination and .in no case is the discrepancy greater than 10%. This result suggests that the chemisorption bond is basically covalent in character· \'shich means that theoretical treatments ih terms of localized surface complexes and clusters should be applicable to chemisorption.
The only case of molecular adsorption for which full surface crystallography has been performed is for acetylene (C 2 Hi) on a Pt{lll) surfaceo 2 0
The best agreement with experiment is. as shown in Figure 3 . The molecule 0 is 1.9A above the Pt surface and its orientation exposes its 1r orbitals to the nearest Pt atoms in the substrate. Thus, the structure analysis indiGates that acetylene 1r~bonds to the Pt surface and the competing bonding scheme that would yieltl a diadsorbed species can be ruled out.
a-Bonding would require the rotation of the molecule by 90° in Figure 3 .
The LEEO intensity calculations are found very sansitive to such changes in orientation.
Adsorption of Organic ~1olecules on Low Hiller Index Surfaces
Although complete surface crystallpgraphy has only been carried out for a small number of systems, the combination of LEEO \·lith other techni~ ques such as '1/0rk function measurements and ultraviolet photoemission can often provide significant information about bonding of adsorbed ;;.ol.:c'.lles on surfaces. The adsorption and ordering of a large group of organic compounds has been studied on platinum (100) and (111) surfaces 21 and a few organic molecules have been studied on the Ni(lOO) surface. 22 Soce of the molecules studied which sho\'1 ordering on .the platinum surface are listed in Table II . All these molecules adsorb readily on platinum at room temperature. Work function 21 and UV photoemission 22 studies, \vhere they exist, indicate that aromatic molecules act as electron donors to transition metals, interacting, at low coverage, through their 1r-electran systems. Unsaturated mol ecu 1 es generally ·appear to adsorb an l mo~ i nd<?x faces of transition metals by forming n bonds.
Ordering of large molecules is generally best for high-syrnetry substrates (Pt(lll) rather than Pt(lOO)}, aromatic molecules with high rotational 0 0 -8-symmetry, small substituent groups and low incident vapor flux. These .
conditions allow maximum opportunity for a moleculeJ once adsorbed, to reorient itself for incorporation into the growing ordered region. Thus ordering of large molecules can be seen to be somewhat different from site adsorption for small molecules. In the former case, the molecule may overlap many surface bonding sites. But now, be::;ides requiring sufficient translational mobility, the molecule must also have sufficient rotational mobility.
The Structure of Inert Gas Atoms on Solid Surfaces
The surface structure of adsorbed xenon has been studied on graphite, 23
. . . . I"' " pa a 1um,-1r1 1um an copper sur aces o var1ous onentac1ons.
' "' appears that regardless of the substrate structure and rotational symmetry, xenon forms a (111) orientation overlayer. In these cases, the adso·rbate-substrate interaction is strong enough to rotationally orient.the growth of the xenon layer but not to determine the xenon-xenon spacing and symmetry which are always characteristic of the (111) plane of solid xenon.
. 27 Similar results were obtained in a systematic study by Dickey et al. at 8K where ordered structures \'/ere reported for the physical adsorption of argon and neon on the (100) plane of niobium. At such low temperatures, not only the adsorbed monolayer struc~ure may be studied, but the gro'tlth of inert gas crystals can be investigated by controlled deposition of multilayers of xenon and other atoms on the surface.
Structures as a Result of Gas-Solid Reactions
There are several adsorbate-substrate systems in which the solidgas bond energy is greater than the solid-solid bond energy. In these 
3~
The appearance of such surface structures indicates that there is a strong attractive interaction within the adsorbed layer between the unlike molecules which both appear to participate in a single surface unit Administration and the National Science Foundation.
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